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EFFECT OF REYNOLDS NUMBER IN TURBULENT-FLOW RANGE
ON FLAME SPEEDS OF BUNSEN BURNER FLAMES

By LOWELLM. BOLLIXCtEEand DAVID T. WmLIAMS

SUMMARY

The efld of$ow condition8 on the geometry of the turbulent
Bunsen $ame wus inredigated. Turbulentflame speed is de-
$ned in terms of$arne geomety and data are presented show-
ing the eject of Reynold~ number of $OW in the range of W?O
to 36,000 on $ame speed for burner diumetersfrom 3 to Iji
inches and three.fuek-aceiylene, eth~lene, and propane.

l%e normalflame speed oj an explositwmizture wus shown
to be an impotiant factor in determining its turbulent$ame
speed, and it waa deducedfrom the data that turbuknt $ame
8peedis a function of boththe Reynolde number of the turbulent
flow in the burner tube and of the tube diameter.

INTRODUCTION

A flame advancing through an e.xpIosive mixture at resti
or in laminar flow tissumes,at least initially, a smooth com-
bustion front. The speed normaI to the front and reIative
to the adjacent unburned rnkture with which this front ad-
vances is known as the normal flame speed of the mixture
(or transformation velocity). This speed is constant for a
given set of physical and ehemicaI conditions.

In turbdent flow, the combustion front is not smooth be-
cause it is disturbed by the fluctuating components of -re-
Iocity. Yet if a surface sticiently large in comparison tith
the scaIe of turbulence is considered, the average position of
the combustion front adnmcea with some definite speed
normally to itself. This speed viiII be called the turbulent
flame speed and its -raIue wiU probably depend upon the
aerodynamic as well as the physicaI and chemical conditions
of the expIosive mixture.

Because turbulence can greatly increase the rate of burn-
== of fuel-air mixtures, an exact knowledge of the influence
of turbulence on combustion is highly important to practicrd
applications. Some information has been gathered from
tests on internakombust ion engines (reference 1). In these
in-iestigations, no attempt was made to relate the rate of
burning to any fundamental measurable property of the
turbulence. The degree of turbulence of the charge in the
engine cyLinder was varied by changing engine speed or
cylinder geomehy. Two investigators, DamktMer (refer-
ence 2) and SheIkin (reference 3), each have proposed a
theory to relate flame speed to turb&nce. These theories
require evaluation with esperimentd data obtained under
welldefined conditions.

A possible method of investigating the relation between
turbulence and rate of burning is by measuremmt of rate of
flame propagation in a steady-flow Bunsen type burner. It
is possible in such an apparatus to create forms of turbulence
that have been quantitatively investigated. Furthermore,
it is common to determine normaI flame speed as the volume
rate of flow of expIosive mixture divided by the surface area
of the inner cone of a kninar Bunsen burner flame. (See
reference 4 for a discussion of the method.) This technique
for measuring flame speed can also be used in the range of
turbulent flow. Damk6hIer (reference 2) carried out some
measurements in this manner, but his data are insufficient
to establish conclusively a theory.

In experiments conducted at the AT.ACACle-wIand Labo-
ratory during 1945, flame speeds were experimentaHy deter-
mined by the Bunsen burner technique -withfully deveIoped
turbulent flow in the burner tubes. Data were obtained for
three fuek, for burner diameters horn M to l% inches, and
for Reynolds numbers in the range from 3000 to 35,000.
In order to show the effect of turbulence on flame speed,
these turbuIent flame speeds -were correlated with normaI
flame speed, tube diameter, and Reynolds number. In
addition, the rwdts were compared with the theories of
references 2 and 3.

APPARATUSAiiD PROCEDURE
EQUIPMENT

The apparatus used in this investigation is diagrammati-
cally shown in figure 1. FueI and air-weremeteredseparately,
then thorougldy mixed, and conducted into the Bunsen
burner tube, vAicA was Iong enough for fully developed
turbulent flow to result at the burner outlet. The burners
used were a series of four smooth seamkss steel tubes, which
had the following dimensions:

Nornfod
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The tubes -iverecooled to room temperature by water jackets.
b order to prevent blow-off of the Bunsen flame at high

flows, it was necessary to surround it by an auxiliary flame.
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An anrndar+haped burner was formed around tho lip of the
Bunsen burner by surrounding it with a tube of somewhat
hmger diameter. A fueI-air mixture at low velocity flowed
through this auxiliary burner; the fuel in the auxiliary
burner was the same as that in the main burner, This
mixture burned at the outlet of the burner and kept the
inner Bunsen flame seated to the lip. The auxiliary flame
was always kept as low as possible so as to reduce to a
minimum the errors caused by this flame. The auxiliary
flame seemed to have no appreciable effect on the main
body of the Bunsen flame in that, where flow conditions
permitted, no change could be noticed in the Bunsen flame
when tlm auxiliary burner was suddedy shut off.

FUZ15

Measurements were made using three commercial-grade
fueIs-acetyIene, ethyIe.ne,and propane. Because acetyle~e
is diasoIved in acetone in the tank, an appreciable amount of
acetone is present in the gaseous fuel. Most of this acetone
was removed by bubbling tho acetylene-acetone gaseous
mixture through flowing water. The combustion & used
came from the laborato~ service air supply, which, when
expanded, had a relative humidity of approximately 15
percent. No temperature control was used; very little
variation of temperature, however, was observed.

METHOD OF MEA5URING FLARiE SPEED

The combustion zone of a laminar Bunsen flame is thin
and clear-cut, but Lhatof a turbulen~ Bunsen flame consists
of a “brush” of flame having a roughly conical shape but
apparently formed of a rapidIy fluctuating, much folded
surface (fig. 2(a)). Neverth&ss, certain surfaces can be
identified in the turbuIent flame; for example, in figure 2(b)
an inner and outer enveIope of the flame and a mean surface
are indicated. A flame speed corresponding to each of
these surfaces may be determined. Although DamkWIer
(reference 2) beIieved that the inner and outer envelopes
are related to the turbulent and nolmal flame speed, re-
spectively, it is considered herein that the flame front has
some average position around which it fluctuates; the degree
of fluctuation determines the position of the inner and outer
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(a) Flame. (b) Fhmo showingtwushmid llurnerncan
WrfilceOutllned.

FIGCBE2.—TurbulentBunsenburnerflame. Nornine.1dhmetcrof burner.x Inch; ethyl.
enew Inair.

envelopes. The turbulent flame speed should thrn IM [hat
flame speed corresponding to the surfucc that is tho average
position of the flame front, or

ut=Q/s (1)
where
u’ turbulent flame speed
Q volume rate of flow
S surface area of mean position of burning
The volume rate of flow was obttiiued from the flowmctcr
readings. The surface area of any given turbulent fhunc
was determined in the following manner: The flame was
photo~aphed on 5- by 7-inch film with an exposure tinm of
about 2 seconds. An average flame surface was drawn on
the negative of the photograph and an attempt was made
to draw the surface halfway between the inner and outer
envelopes of the flame brush (fig. 2(b)). The surfmc rtrcn
was then determined by the approximate equfition for conc-
like surfaces of revolution.

where
A areaof longitudinal cross section of flamo as photographed
Z length of generating curve, excluding base, of cone-like

surface
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h height
This method has been used by others for Iaminar flames
(reference 5).

The amount-of work required to determine the surface mea
was shortened by plotting S/& against h/d (where d is the
burner-tube diameter). Once enough points had been plotted
to form a curve, the surface area could be found simpIy by
measuring the height of the flame cone. The height was
measured directly on the flame by means of a horizontal
sliding arm mounted on a scale with sights pIaced 18 inches
apart on the arm. In this way, the whole flame could be
kept within the fieId of tiew and fair reproducibilityy was
possible.

Some doubt may tit as to the physical signitlcance of a
flame speed determined by the method outlined; =pecially, it
may be that, although the idea of an average surface is
sound, the position halfviay between the inner and outer
enveIopes as seen on the photographs is not a true a-rerage
surface. The data will therefore be presented first in terms
of flame geometry and then in terms of flame speed.

The observations were made on fueI-air mixturw in each
case having the ma..um flame speed. Each measurement
was made by use of a series of three or four observations in
which the fueI-air ratio was varied in the neighborhood of
that for m&mum flame speed. The flame speed observed
was taken as the maximum on a curve chawn through the
data so taken. By this means any errors due to inaccuracy
of flow-measur~~ devices vrere ekninated.

RESULTS

GEOMETRY OF TUBBI!!ENT BIJNSEIYFLAMES

hTearthe base a turbulent Bunsen flame is almost laminar
in appearance. Higher up the flame front develops wavines;
and still farther up indi~uaI peaks of flame are observed
to shoot up from the interior of the inner cone. When these
peaks of flame appear, the outer envelope begins to bend
more sharply inward. These characteristics together with
the three dimensionalit.y of the flame make it difEcuIt or
impossible to Iocate the position of the inner enveIope with
certainty.

The ratio of mean flame surface area to the square of the
burner tilde diameter is pIotted against the ratio of flame
height to burner tilde diameter in figure 3. The points for
various burner sizes aud a given fuel fall on a singIe curve
when pIotted in this manner. These curves indicate that
the flame broadens out as the height becomes greater. For
if, in becomhg higher, all verticaI dimensions of a flame were
merely stretched, the curve of surface area against height
would approximate a straight line through the origin, which
is obviously not the case.

For any one fueI, the height of the average position of a
flame is roughly a function of Reyaolds number. (See fig. 4.)
In every case, however, the curves of the smaIIerburners lie
higher. The fuel-air ratio is in each case that corresponding
to the maximum flame speed.

Some data of the height of the outer envelope of the flame
brush were recorded. This height mhus the height of the
average surface is one-half the flame-brush width in the center
of the tube, which has been pIotted against Reynolds number
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in figure 5. The large scatter is due to the uncertainty in
Iocating the heights of the outer and inner enveIopes.

TUBBULFXT FLAME SPEEDS

E.sampIes of the ~ariation of flame speed, as previously
defined, with fuel concentration for -rarious Reynolds num-
bers are shown in figure 6. The data shown were obtained
by direct measurement of mean flame height. The fueI con-
centration for maximum flame speed is observed to be sIightIy
richer for turbulent than for Iaminar flames. This effect is
beIieved to be caused by the turbulent flame seeming to
widen out slightIy as it becomas richer w that, for the same
mean surface area, the height of a rich flame is less than that
of a km flame.

The variation of flame speed -with ReynoIds number of
pipe flow is show-nin figure 7 for fuel concentrations of m@-



234 REPORT 93%NAT10NAL ADVISORY COMM~EE FOR AERONAUTICS

ROynolcfsnunber

FICtURE 4.—Vsriatfonof meantie beishtwithReyneldsnnmber.

40~- 1
Nwninoi dio)ne+er

of turner

.35
(in.)

Propone
o

/
o i

.30
/

❑

G
l%

E
Ace fytene

o
0

s 25
0 ) : ~-

>.-
Pro ponek

<
~ @ o QQ

h

{ >
10

i

5 Q
<

0 5 /0 15 ,?0 .25 30 35 ado;
Reynoids number

Fmcm=6.—VadatfonetSsme-bruehwidthwh,hReyncddsnumk.

mum flame speed. VaIues of normal flame speed Unfrom
reference 4 are indicated for the three fuels by points on the
ordinate. ReynoIds number rd flow is, however, not neces-
sarily descriptive of turbulence at the flame front. The data
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of figure 7 were obtained both by photographing the flarnr
and by direct measurement of flame height.; in both cases
the mean surface mea was obtained from the curves in figure 3.
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The points representing data taken by direct measure-
ment are the maximum flame speeds from cur~es like those
of 6gure 6 and are therefore, in most cases, a=reragesof
several measurements. Most of the points represent~w
photographic data are averages of two separate fIame-speed
determinations. The Iarge scatter of the acetylene flame
speeds for the ?&&hdiameter burner at- low ReynoIds
numbe~ is believed due to the fact. that, because the flame
was small, a smd absolute error in height measurement
resulted in a large reIative error.

The data of figure 7 show severaI consistent. characteris-
tics. For any one exphsive mixture, the turbulent flame
speeds are, in general, greater than the normal flame speed;
for a given Reynolds number, the flame speed increases with
increasing burner diameter. In general, flame speed in-
creased with ReynoMs number but at a decreasing rate,
and at the larger values of Reynolds number, flame speed
approached asymptoticdly a linear rdation with Reynolds
number.

DISCUSSION
NATURE OF TURBULENCE LW PIPE FLOW

The fact that the flame speed as defied in turbuIent flow
cannot be determined with very high accuracy is a circum-
stance that is implicit in the very nature of turbulence.
The results of the measurements are principally an identi-
fication of certain trends in turbulent flame speed as sum-
marized. It is thus desirable to identify the nature of the
turbulence in which the measurements were made.

The theory of turbtdent flow in general is reviewed in
references 6 to 8. It is concluded in the theory, particularly
in reference S, that a scaIe factor and an intensity of turbu-
lence are sufficient- to characterize isotropic turbulence.
These two factors ha~e been measured in various ways.
The turbulent intensity based on longitudinal turbulent
motion is shown in dimensionlessform in figure 8, as measured
between two infinite pIanes (reference 9); the distribution
is expected to be si.dar to that in a tube- It is notable
that the turbulence in the tube is not completely isotropic
so that the mean turbulent intensities are ditlerent in dif-
ferent directions.

The mixing length has also been measured and is shown in
figure 8 as pubIished in reference 6. It. is evident that both
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mixing length and turbuhmce vary wideIy across the flow.
It follows that, insofar as the turbulent flame speed is to be
associated with the nature W the. turbulence, it is a mean
flame speed that is associated with an average type of tur-
bulence in the gas issuing from a uniform tube.

In measurements of flame speed in turbulent flow, the
scale of the turbulence in the tube is proportional ta the
size of the tube; the intensity component is proportional to
the mean gas flow veIocity, as follows from the general
similarity relation.

THEORIES OF TUEBULENT FT/AME SPEED

DamkMler (reference 2) in an attempt to determine the
effect of turbulence on flame speed presents some data
obtained from a Bunsen propane-oxygen flame on a burner
tube that was long enough to have fully deveIoped turbulent
flow. It was found that flame speeds corresponding to the
outer envelope9 were approximately equal to the normal
flame speed of the mixture. The flame speed corresponding
to the inner envelope was assumed to be the turbulent flame
speed. The ratio of the flame speeds corresponding to the
inner and outer envelopos was therefore considered equal h
the ratio of turbulent flame speed to normal flama speed.
Results from three burners of 1.385-, 2.180-, and 2.71%
millimeter diametem were obtained. The flame-speed ratio
was then shown by somewhat limited data to vary linearly
with the square root of the Reynolds number ~ for the
two smaller tubes in the range 2300<Re<5000 and
linearly with Re for the two larger tubes in the range 5000
<Re<18,000.

In the discussion of results.of reference 2, two conditions
of turbulence are considered that depend on whether the
scale of the turbulence is much greater or much lees than
the thickness of the laminar flame front. Fine-scale tur-
bulence was considered .to influence the rate of diffusion
between the burned and unburned gas without roughening
the flame front, ancl Iarge-scaIe turbulence was considered
only ta roughen the flame front, thus increasing its surface
area. The theory dcveIoped attempted to show that for
fine-scale turbulence,

–d
ut -E—. _ (3)
?& v

and that for Iarge-scaIe turbulence

u~—=6
u~ (4)

where

e turbulent diffusion coefficient
v kinematic viscosity of expIosive mixture

The turbulent diffusion coefficient ~ia an empiricaI factor
that was devised to deveIop a theory for the turbulent-
velocity distribution in a pipe or tube. By analogy with
the molecular diffusion coefficient, it is written as

E=l@ (5)
where

1? so-called mixing length, scale factor
@ root-mean-square fluctuating component of velocity

In the Kfnnmin theory of pipe turbulence, the factora com-
prising ~ enter into the theory as empirical paramctem
evaluated from the velocity distribution, but equivalent. or
analogous quantities are directly measurable It has been
shown by direct observation that in turbulenL pipe flow,
@ varies as the mean gas velocity, and that the scale, and
therefore presumably 1, varies as the pipe diameter. Both
quantities are hardly approximately constant across W flow;
but in predicting the results of any experiments dependent
on G,it is apparent that mean e must vary as the ReynoMs
number of the pipe flow.

In reference 2, it is considered that the smallest burner
used gave tie-sc~e turbulence; whereas the largest burnm
gave large-scaIe turbulence, the difference of which was
believed b account for the difference in the dependence of
flame-speed ratio on Reyuolds number.

A theoretical amdysia of the effect of turbulence on flame
speed is present~ in reference 3. The two cases of fum-scale
and large-scaIe turbuhmce are again considered. Based upon
the same considerations as in reference 2, the expression for
turbulent flame spged u’ in fine-scale turbulence was derived

Uf=un
d

1+* (0)

where K is the thermal conductivity due to molecular motion.
For the case of Iarge-scale turbulence, tho expression for

ul was derived ta be

(7)

where B& a nondimensional coefficient and is approximately
unity. It should be noted that .ffamo speed for large-wale
turbulence is here predicted to be independent of tl.w scale
of turbulence and ta be independent of tho normal flamespeed
if the mean square fluctuating component of velocity Z
becomw great compared to U,2.

COMPARISON W’ITE THEORIES OF EFFECT OF TURBULENCE ON FLAME
SPEED

According to the theories of refcrcnccs 2 and 3, Lhc fhirno
speed in turbulent flow is predicted to dcptmd on the LurIm-
Ient difhsion coefficient e for small-scalo turlmlrnce. IL has
been shown that e=l@ rmd that ~should vary as the Rey-
nolds number of flow Re inskb the tube. If the cl]tiugcof ~
is neglected in the space betwwm the tube OUIM and the
flame, it follows that the turbulent fhirnespeed is prwlictcd
for small-acrdeturbulence (a) in rcference_2to vary as u“~~,
and (b) in reference 3 ta vary as u..~il+~~ where k is a
constant. ActuaIIy the theories as prmenh’d were some-
what more specfic in their predictions. The predictions of
reference 3, for example, woukl scorn to approximntu lJloso
of reference 2 because the second twm in the radical is much
larger @&n 1.

Again for Iarge-scale turbulence, the predictions me tbab
flame speed should vary as ufiRe (reference 2) and as

du, 1+B ~z (reference 3), where 11is a constant of approxi-
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mate[y 1. For the range of the experiments, u= is approxi-
mately 1 foot per second, and Z* varies in the range of
magnitude of UX2.

Summarizing the results of the flame-speed measurements,
figure 7 serves to give some fairly definite indications as to
whether the theories mentioned are accurate.

First, according to the theory of turbukmce in pipes or
tubes, the mixing Iength of the turbulent flows used is approx-
imately 0.1 inch, which is d&niteIy greater than the 0.001
inch usually considered to be the appro.xinmte thickness of
the Iaminar ffame. The data show that: (a) The ReymoIds
number is inadequate alone to correIate the turbuIent flame
speed; and (6) in any case the variation of the turkn.dent
flame speed with Re-ynolds number for a given tube is non-
Iinear in the range of large~aIe turbulence. It is seen that
the resuhs of this method of investigation diner from the
theory of reference 2 concerning the dependence of flame
speed on Reynolds number for large-scaIe turbulence h a
Bunsen burner flame.

The turbulent intensities used are certaidy Iarge enough
to indicate whether the turbulent flame speeds tend to be
independent of the nature of the fueI at Iarge vahws of IF.
That is, the curves for various fuels arepredicted in reference 3
to converge at higher ReyncMs numbe~; however, they
show no sign of converging in the range of this investigation.

XATnE OF vARIATtOx OF T~BULENT FLAME SPEED

The data of figure 7 obviously require more than one
correlation variabIe. The fuel, the veIocity, and the burner
diameter are one possibIe set of parameters; the fuel, the
Re-ynoMs number, and the burner diameter are a possible
dternati~e choice. ReynoIds number rather than ~elocity
is used herein because of the generaI use of Reynolds number
in the analysis of fluid behavior and because pretious pro-
posed theories used it. In any case, the choice of variables
with which to corrdate the data is arbitrary.

The general appearance of the data suggests UJU. as a
possible variabIe to eqn-ess the effect.of the fuel.

A second trend is indicated by the fact that u, at any -due
of Re is greater with larger tube diameter by a factor that
varies proportionally with u,.

A third phenomenon is indicated by the curvature of the
various graphs, suggesting that u~might -raw as a power of
ReynoMs number different from 1, for given fueI and burner
diameter.

The data of fl.we 7 are used to fix the manner of variation
of u~in the form

u ~= Cu,’d~ReC
where

lit turbulent flame speed, (cm@c)
c constant, empirically determined
u= normrd flame speed, (cm/see)
d burner diameter, (cm)
Re burner Reynolds number based

and burner diameter

(8)

from data

on mean air speed

a, b, c ~xponents, empirically determined from data
The exponent of u. is chosen by inspection as equal to 1.

The exponent of the diameter d is fi.ed by cross-plotting
the data of @re 7. The flame speeds u, taken from the
curves for the various tube sizes were compared for given
Reynolds number and fueI. The comparison is shown in
graphicaI form in figure 9. ReIative flame speeds were
compared for 11 diflerent fuel—Reynolds number choices
with reIative diameter for the ?Winchdameter tube. The
Iog plot is seen to be faidy representable as a straight line,
though st.rictIyspeaking a shght curvature is noted through
the points. The line as shown has a sIope equal to 0.26

-Q

FtorR~ 9.–VariationofreIatIreflame@ withrekitkeburnerdkuneter,M.!! on%-Inch
burner.

so that the exponent b of the burner diameter in equation
(8) is

b=o. 26

The value of the exponent c of Reynolds number in
equation (8] is found by making log pIots of the quantity

$+&u—— (9)

as a function of the burner-tube ReynoIds number Re. The
data for acetylene, ethylene, and propane are pIotted in fig-
ures 10(a), 10(b), and 10(c), respectively. The lines con-
sidered by inspection to represent the data most accurately
are indicated on the curves. The three curves are shown
on figure 10(d) with the curve obtained by averagirg the
three. The correlation represented by the averaan curve
is suitabIe as appro.xhnating alI the data. The scatter of
experimental points is a LittIegreater than would be antic-
ipated from the methods used.

The equation of the average curve (fig. N(d)) is

u~
—=0. 18 ReOmU,(P6

or
U ~=0.18 undo.ze~eo.z~ (10]

Any uncertainty as to the exact relation among the chosen
variables might be removed by an extension of the experi-
ments. It is possible, however, that. the same kind of
experimental uncertainty is to be anticipated in any study
of turbulent flames.

The results here shown wi.LI suggest- some apprmimate
relations for use in future extensions of the theory. Thus,
approximateeIy

U’KUX

lk,cc J
.9/~—uza~u
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The direct dependence of tur}uIent flame speed on laminar
flame speed is in agreement with reference 2.

SUMMARY OF RESULTS

From an investigation to determine the effect of Reynolds
number in the turbulent-flow rmge on flame speeds of Bunsen
burner flamee, the following results were obtained:

1. A correlation of the flanm speed in a Bunsen burner
with several variables has been empirically derived in the

turbulen”hflow range at sea-level atmospheric conditions in
the form

U$=0.18un(P26Rt?.~
where

u, turbulent flame speed, (cm/see)
u. normaI flame speed (transformation velocity), (cm/see)
d burner diameter, (cm)
Re Reynolds number based on mean mixturo speed and d

The experiments ranged from a Re value of 3000 to 35,000,
tube diameters from 0.626 to 2.843 centimeters, ttnd the Iucls
were acetylczne, ethylene, and propane. The fuel-air mix-
tmw having maximum u= were used.

2. The results obtained, based on the mean flnm~ sur[ncc,
agreed with the theories of Damk5hler on the effect of lnrgc-
scsle turbulence on the flame speed in a 13unscNburner fhunc
as to the dependence on Iaminar flame speed, but differed as
to the dependent.c on Reynolds number.

3. The data showed no tendency fort urbulcnt flame speeds
of different fuels to approach one snother at high flow rates,
as given by the theory of Shclkin.

FLIGHT PROPULSION RESEARCH LA IIOItATORY,

1.

2.

3.

4,

5.

6.

7.

8.

9.

NATIONAL ADVISORY COMMITTEE FOR AEItONAUTICS,

CLEVEL.4ND, OHIO, June 90, 19~8.

REFERENCES

Burk, R. E., and Grummitt, Oliver: The Chemical Background for
Engine Resear=ch. Interscicnce Pub., Inc. (New York), 1043,
pp. 38,39.

Damktihler,Gerhard: The Effect of Turbulence on tho F1amc V*
locity in G- Mixtures. NACA TM 1112, 1047.

Shelkin, K. I.: On Combustion in a Turbulent I?Iow. NACA TM
1110, 1947.

Smith, Francis A., and Pickering, S. F.: Mcrsurenlcn& of Fkmno
Velocity by a Modified Burner Method. Rest Paper RP 000,
Jourl Rea. Nat. Bur. Standarch, VO1.17, no. 1, July 1030, pp.
7-43.

Carsiglia, John: New IUethod for Determining Ignition I’clocity of
Air and Gas Mixtuw.. Am. Gas Assoc. Monthly, vol. X111,
no. 10, Oct. 103i, pp. 437-442.

Bakhmeteff,BorisA.: The 31cchaniwof TurlMentI?low. Primc-
ton Univ.Prese(Princeton),1!)41,p. 53.

Taylor, G. I.: StatisticalTheory of Tm-bulcncc. I?roc. IZUy.
Sot. London,ser. A, vol. CLI, no. A873, Sept. 1935,pp. 421--!78.

Drydeq Hugh L.: A Review of theStat Mical Theory of Tur-
bulence. Quarterly Appl. Math., vol. 1, no. 1, April 1043, pp.
742,

Prandtl, L.: Beitrag zum Turbulenz Symposium. Proc. Fifth
International Congress for Appl. Mechanics (Cambridge], Scpl.
12-16, 1943, pp. 340-346.


